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PREFACE 



The self saturating magnetic amplifier is one more 
application of the saturable core reactor. The general 
principles of the saturable core have been known for a 
long time. The writer has tried to apply them to the 
self saturating reactor. 

Appreciation is expressed to all those of the General 
Engineering and Consulting Laboratories, General Electric 
Company, Schenectady, N.Y. who have cooperated in giving 
advice and assistance. Among them the writer feels par- 
ticularly indebted to H.M. Ogle, Ray E. Morgan, and Hugh 
Schirk. Also the writer expresses his deepest appreciation 
to his staff advisor Dr. W.M. Bauer for his assistance and 
guidance. 
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CHAPTER TWO 


SYMBOL 


DESCRIPTION 


A 


Cross section area of core in square inches. 


r> 

max. 


Maximum value of flux density contributed 
by the supply voltage. 


B 


Flux density in core 


B b 


Flux density required to saturate the core. 


B 0 


Flux density of the core with zero anode 
current. 


C 1 & C 2 


Constants dependent upon magnetization curve 


f 


Frequency of the supply voltage. 


G 


Overall or mean power gain from minimum to 
maximum output. 


H o 


Constant dependent upon the initial and 
maximum value of the core flux density. 


H n 


Constant for each harmonic whose value is 
computed with the aid of the table at the 
end of Appendix B. 




Average value of the load current for two 
anode coils. 


^L(max) 


Average value of load current at the point 
on I c vs. I L curve where doubling the I c 
increases the load current approximately 25$. 




Average value of current in the control 
winding. 


■^om 


Control winding current for ^(max) in the 
load 
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CHAPTER TWO 
(Cont . ) 

DESCRIPTION 
Magnetization current. 

Rectified average value of the anode current. 
Instantaneous value of the control current. 
Instantaneous value of current in anode #1. 
Instantaneous value of current in anode #2. 

Constant 



k i 

k t 




N,N 2 ,N ac 

N o N dc 



R 1 

R r 

R 2 

R z 



r 



Current constant of core material 
Constant of core material to determine time 
for the reactor to go from minimum load to 

■'•L(max) • 

Voltage constant of core material. 

Inductance in henries. 

Length of ac flux path in inches 0 
Number of turns on anode winding. 

Number of turns on control winding. 

Number 

Resistance of control winding circuit. 

One half coil resistance of control winding. 
Forward resistance of rectifier. 

Resistance of one anode coil. 

Anode coils resistance reflected into the 
control winding. 

Ratio of the dc flux to the maximum ac flux. 
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U 

U« 

O 

u o 

% 

V S 

^L 

W L 

Gf 
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DESCRIPTION 

Time In seconds for the load current to 
Increase from minimum value to ^L(max) * 

Time constant based on linear circuits. 

Total flux. 

Total flux produced by control current. 

Total flux produced by a control current 
in one anode winding. 

Maximum value of flux contributed by 
supply voltage. 

RMS value of the supply voltage. 

AVE value of the rectified load voltage. 

Load watts. 

Angle of the supply frequency when the core 
saturates. 

Feedback factor. 
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APPENDIX A 

DESCRIPTION 

Cross section area in square inches 

Magnetic flux density in maxwells per 
square inch. 

Maximum value of the magnetic flux 
density due to the supply voltage. 

Flux density of core at time of saturation. 

Flux density of core v/hen no current is 
flowing in the anode winding. 

Defined by equation 19a in Appendix (A). 

Maximum value of the supply voltage. 

Instantaneous value of supply voltage. 

Average value of load voltage. 

Rectifier voltage drop. 

Magnetizing force per inch, in gilberts 
per inch. 

Instantaneous current in one anode winding. 

Length of magnetic path in inches. 

Resistance in the anode circuit less the 
rectifier resistance. 

Time in seconds. 

Time from zero supply voltage until core 
saturates. 

Angle of core saturation, measured from 
zero supply voltage. 
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(Cont . ) 


SYMBOLS 


DESCRIPTION 


U or Lf 


Value of flux in maxwells. 


w 


Angular frequency in radians. 
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SYMBOLS 

A 

B 

B i 

lc 



B2c 



B, 



B 



m 



E 



dc 



E 



m 



H 



H 



lc 



H 



2 c 



U 



appendix b 

DESCRIPTION 

Cross section area in square Inches. 

Magnetic flux density in kilolines per 
square inch. 

Magnetic flux density in core one in 
kilolines per square inch. 

Magnetic flux density in core two in 
kilolines per square inch. 

Average value of flux density in each core. 

Peak value of alternating flux density in 
kilolines per square inch. 

Value of constant control voltage. 

Peak value of applied sinusoidal voltage. 

Magnetic field intensity in ampere turns 
per inch. 

Magnetic field intensity in core #1 in 
kilolines per square inch. 

Magnetic field intensity in core #2 in 
kilolines per square inch. 

Average value of the current in the control 
winding. 

Constant ^ p r ) 

R, 

Constant forward resistance of rectifier. 

Constant used in representing B-H 

Curve by hyperbolic sine, in ampere turns 
per inch. 
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v 



if lc 
If 2c 



w 

I 



i 

i 
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APPENDIX B 
(Cont. ) 

DESCRIPTION 

Length of magnetic circuit in inches. 

Time in seconds. 

Constant used in representing B-H magnet- 
ization curve, inches 2 / kilolines. 

Constant used in representing B-H magnet- 
ization curve, ampere turns - inches 

kilolines 

Time in radians that i ^ begins to conduct. 
Magnetic flux in core #1, in webers. 

Magnetic flux in core #2, in webers. 

Time derivitive of flux, webers/seconds 
Angular frequency, in radians per second. 
Modified Bessel function of first kind 
of order n 

Instantaneous current in the control winding. 
Instantaneous current in #1 anode winding. 
Instantaneous current in § 2 anode winding. 
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APPENDIX C 


SYMBOL 


DESCRIPTION 


A 


Cross section area. 


B m 


Maximum value of the flux density in the 
anode core. 


o 

O 

ro 


Constants of magnetization curve. 


E' 

rms 


Max. RMS value of supply voltage for which 
the curves are used. 


E rms 


Root mean square of the supply voltage. 


E rpa 

E ave 


E rms/ E 'rms * 

Average value of the anode current less the 
straight line portion as defined by 
equation #L1. 


^(ave) 


Average value of the anode current. 


I apu 

X 2 


^ave/^rms * 

RIG value of the anode current. 


I 

n 


Peak value of the (n)th harmonic current. 


•^rms 


RMS value of the anode current minus the 
straight line portion as defined by 
equation #18. 


I* 

rms 

"^rpu 


Current corresponding to E f ritig * 

T /i* 

■■-rms' rms * 


i 2 


Instantaneous value of the anode current. 


r 


IP/U. 
o' m 


U 


Instantaneous value of the flux linkage 
of one anode coil* 
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APPENDIX C 
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SYMBOL 


DESCRIPTION 




Peak value of ac flux linkage due to 
supply voltage. 


U o 


dc flux linkage of one anode winding. 


U ’o 


Total dc flux in webers. 
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INTRODUCTION 



Because the cycle of events inside a magnetic core 
is very difficult to measure, attempts at an explanation 
of saturable core reactors are by necessity based on 
simplifying assumptions. The discussions of this paper 
are made after several such assumptions. 

The results are helpful in predicting the operating 
characteristics of the self saturated magnetic amplifier. 
The effects of distributed capacity, hysteresis, and eddy 
currents which are omitted by the simplifying assumptions, 
are generally handled as a special problem of the partic- 
ular application. There is not enough general information 
available at present to include all these factors » 

The solutions as presented are best suited for low 
frequency power supplies because of the simplifying 
assumptions. 

These comments are made in the introduction to caution 
the reader that these are not general solutions and are 
good only as long as the approximations are valid. 
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CHAPTER ONE 



A. DEFINITIONS 

The self saturated magnetic amplifier is an adaptation 
of the saturable core reactor to a magnetic controlled cir- 
cuit with considerable improvement in power gain as compared 
to the saturable reactor alone. For this reason it is prob- 
ably the most important of the present magnetic amplifiers. 

B. COMPARISON AND SIMILARITIES 

One of the best ways for the electronic engineer to 
think of a saturable core reactor is in terms of a compar- 
able vacuum tube circuit. A similar vacuum tube circuit is 
the grid controlled gas tube rectifier. The anode or ac 
winding of the magnetic amplifier presents a high impedance 
to the flow of current in this winding until such time as 
the core saturates. The time at which the supply voltage 
saturates the core can be controlled by the current in the 
control or signal winding, this action being similar to the 
control grid of a gas tube rectifier. 

Once the core saturates, the instantaneous current in 
the anode winding is limited only by the circuit resistance. 
This compares with loss of grid control once the gas tube 
fires. To a first approximation the anode winding continues 
to conduct until the direction of the applied potential is 
reversed. 

C . OPERATION 

A cycle of operation of the circuit labelled lb will 
next be explained. It consists of two magnetic cores each 
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with an anode winding. The control or signal winding is 
common to both cores. This circuit is commonly referred 
to as single ended, since like a triode, the anode current 
can change only in magnitude and not in direction. Assume 
the current in the signal winding to be zero, and further 
refer to one of the anode windings. Next, refer to Figure 
#3* NI on the horizontal axis represents the ampere turns 
in the one core due to current in the anode winding. Under 
steady state conditions there will be a residual flux den- 
sity of magnitude "A" when the current in this anode has 
reached zero. The rectifier in series with the anode pre- 
vents the current reversing in the coil during the next 
half cycle and the magnetic flux density remains at "A" . 

During the half cycles of the supply voltage that are 
of the correct polarity for current to flow in the anode 
winding, the flux density should increase from "A" to "B" 
in approximately 120 electrical degrees of the supply fre- 
quency. (This is a still under the condition of zero cur- 
rent in the control winding.) The knee of the curve or 
point "B" is the point at which rapid buildup of anode 
current begins. A typical current waveform is shown in 
Figure #4* 

This saturation or firing usually occurs in a very 
few electrical degrees of the supply frequency "Eg”. 

The final instantaneous value of the anode current is 
limited by the impedance of the load, resistance of the 
anode winding, the air core inductance of the anode coil, 
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and the instantaneous value of the supply voltage "E". 

The 120 electrical degrees of the supply voltage for 
core saturation is chosen for the no signal current condi- 
tions. Best control of the load current by the signal 
current is thus obtained. A typical output current vs. 
control current is shown in Figure #5. The control current 
is considered positive when it reduces the time required 
for the core to saturate. Reducing this time of saturation 
increases the current to the load contributed by each anode. 

The current in the control winding can be thought of 
as shifting the hysteresis loop to the right or left in > 
Figure #3 ♦ Or again, point "A” may be considered as moving 
along the upper curve of the hysteresis loop with zero anode 
current. Either viewpoint shows that the time of core sat- 
uration can be controlled by the current in the control 
winding. 

D. CIRCUIT ARRANGEMENT 

The two anode coils are so connected with the recti- 
fiers that one saturates during each half cycle of the 
supply frequency. If the point "A" is moved toward "B" 
in one core during its half cycle of operation, then the 
point "A" must also move toward "B" in the other core dur- 
ing the next half cycle of operation. If the anode wind- 
ings are wound in the same direction on the two cores, then 
they must be connected oppositely. This connection is in- 
dicated on some of the prints by calling the start "s" and 
the finish f, f”. 
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. 



















Figure "la” and "lb" are similar as far as the mag- 
netic circuit is concerned. The load current in Figure 
"la" is ac and in "lb" is pulsed dc. Figure #2 is an 
example of a push pull circuit. Its connections are more 
involved and will not be covered here. 
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CHAPTER TWO 



A. CHARACTERISTIC AND DESIGN 

Since the operation of the self saturated amplifier 
is different for high and low driving sources, the opera- 
tion will be investigated for both these conditions. Also, 
the investigation will be centered around parallel connec- 
ted magnetic amplifier as shown in Figure #6, which is the 
basic circuit discussed in Chapter One, 

Briefly, the information will be presented as follows: 
First, a group of practical design formulas based on lab- 
oratory experiments for different core materials are listed, 
and their use indicated. Second, the use of formulas de- 
veloped in Appendix "A” for a high impedance source will be 
indicated. Third, the use of formulas developed in Appendix 
M B n for a low impedance source will be indicated. Fourth, 
and final will be an application of the graphs of Appendix 
"C" and "D" for the determination of the characteristics 
of s saturable core reactor with provisions to insert the 
rectifiers in series with the anode windings and solve 
graphically for the results. All the developments are for 
a sine waveform of supply voltage. 

1. For a sine wave applied to a transformer the 
following equations are familiar: 

V s - x /o ' 6 (l) 

H = o. 4jr A/I (2) 

Jf 
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Since the wave shape of the voltage across a saturable 
core with an external load is not a sine wave the above 
listed formulas cannot be applied directly. Furthermore, 



B max difficult to measure under operating conditions. 
Assume that laboratory constants can be developed which 
are accurate enough for practical use. The following 
equations*, with the exception of #6 can be derived from 



equations #1 and #2: 

V 5 -- k v A/fA (3) 

I , k, J f (A) 

l (mix) — — — z - 

/V 

■ 0, + k.ki FA (5) 

The 0.4 was determined as a constant that gave good 
results for most materials. 

T =- k t /V/ A ( 6 ) 

I. * 1 d>7r?p. j u rn & / /'Vc A ■) (7) 

A'c 

G ^ \ll_i <z LmtxJ ( 8 ) 



These equations may be rearranged as follows to solve 
for A, N, etc. 



* From the notes of Ray E. Morgan, General Electric Co., 
Schenectady, N.Y. 
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(9) 



A - v*- 

k v A/ A 



N- ki 




(10) 


Z 






V* * 


V l < t n*v) 


(11) 




o. 4 




\/\A ; 


o.4 k Y ki fA 


(12) 




Core Const ^nt 


(13) 


AJtf - 


1 /olumt oj Core Z^d/er/a/ 


(U) 


/V c . 


(Ttf)' /2 


(15) 




( k^A)"* 




Equation #6 gives the time of response, which is 


the 



time for load current to rise from a minimum value to a 
maximum value. This equation sets no lower limit on the 
time of response. However, it is well to remember that 
the speed of response is limited by the supply frequency, 
load impedance, filters, and the upper limit of resistance 
in the control winding, either real or reflected. The speed 
of response is generally increased by inserting resistance 
in the control winding or with the use of negative feedback. 
Whatever method is used to increase the response, it is 
done at the expense of power gain. These general statements 
are taken up in detail in part #4 of this chapter. 
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Using the equations #9 through #15 a typical design 
procedure would be something as follows: 

A. Power Requirements 

1. Impedance and power of input. 

2. Impedance and power of output. 

3. Required speed of response. 

4. Desired performance- -single ended or 
push-pull, etc. 

B. Choice of Circuit 

1. Choose the type circuit to give the required 
performance determined by part "A". 

2. Choose the core material. 

a. Mumetal for small size high gain stages. 

b. SX-10 for 20 watts or larger with low 
frequency supply sources. 

C. Core Size. 

1. Equation #14 gives the core volume. 

2. Using U punchings economical design requires 
that the core cross section remain within 
2:1 of a square. 

D. AC Coil Considerations 

1. Number of turns from equation #10, 

2. Supply voltage from equation #11. 

(Load voltage is determined in part "A".) 

3. Check the area of the coil with equation #3. 

4. Alter stack thickness to correct area, 

5. Use 500 circular mill/amp for wire size for 
three legged core and 800 circular mill/amp 
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for spirakore or ringkore. 

E. DC Coil Considerations. 

1. Number of turns equation # 15 . 

2. Choose wire size for desired signal current. 

3. Signal current from equation #7. 

4. Check with equation #8 to see if the power 
gain specifications of part "A” have been met. 

5. Check step #3 in #2 to see if the size of 
wire is sufficient. 

In order to keep the amount of material used at a min- 
imum, equation #12 indicates that a large k v k^ is desirable. 
For small sizes the material with the large kyk^ is usually- 
chosen. However, for large power outputs it is possible 
that a poorer material may be somewhat larger but less 
expensive. 

2. If the impedance of the control winding is high 
then there will be little or no circulating current in the 
control winding due to transformer action of the anode wind- 
ings. The transformer action referred to is present only 
as long as the core is not saturated. 

Assuming the core would magnetize and demagnetize 
along the upper magnetization curve of the hysteresis loop, 
the time in the supply frequency cycle when the core satur- 
ates can be represented by the following equation. 

e f -- Cos' 1 ( flp ♦ Bo ) (1 ' 6 
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Equation #15 is shown in graph form on graph #1 Al of 
Appendix ’’A". is dependent upon the core and is deter- 
mined in the laboratory. is dependent upon the supply 

voltage and is determined by: 

► N _ - 

£>*, -- (17) 

u> tfA 

is the maximum value of the supply voltage. N is the 
number of turns on the anode winding and A is the core 
cross section area. B 0 is the flux density of the core 
when no current is flowing in the anode winding. B 0 is de- 
termined with the aid of the magnetisation curve and rep- 
resents the point "A" in Figure #3. Point "A" shifts as 
the current in the control winding is changed. For a fixed 
supply voltage B^/B^ is a constant and is shown as a solid 
line on the graph. A sample is taken to illustrate the use 
of graph #Al. Assume equal to one and the ratio of 

the initial flux density to be zero. Then the reactor would 
saturate at approximately 90 degrees. Knowing this the av- 
erage or rms of the current can be computed for a specific 
value of load resistance. Letting the ratio of B 0 /B f vary 
would give the varying angle of firing from which the varying 
load current could be computed. This information is usually 
graphed in the form of Figure #5. 

Similar information can also be obtained from graph 
#2A. ex,/ is the average voltage across the load produced 
by one reactor. The total load voltage is twice this value. 
Graph #2A is used as follows: Choose a supply voltage, 
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compute the ratio of B m /B f which will give the correct line 
to follow along. Next, choose a value of the control cur- 
rent and compute B Q . Take the ratio of B 0 /B m and enter the 
graph to the B m /B^ line then across to the output. This 
value of output must next be multiplied by E-f and divided 
by 21 T to obtain the average load voltage. If the average 
output voltage is known then it is easy to compute the cur- 
rent for varying values of load resistance. 

3. If the impedance of the control winding circuit is 
lov; then it is reasonable to expect currents to circulate 
in the control windings due to transformer coupling from the 
anode windings. This circulating of currents will influence 
the firing of the reactor and it is reasonable to expect the 
operation to be somewhat different than the case where the 
high impedance in the control circuit prevents the circula- 
tion of induced currents. 

The three important periods of operation are, the 
conduction of current by anode #1, the conduction of cur- 
rent by anode #2, and the simultaneous conduction of cur- 
rent by both anode windings. The equations for the currents 
are developed in detail in Appendix B for each condition. 

Let i^ be the current in the control winding and i£ and i^ 
be the currents in the two anode windings. 

For the period that the current is zero 

i = f f C« 2ut... ) - 

N L J 



(U) 
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(■ z r f H, 5IN ut t H 5 3 ujt ... 7 

a / 2 L 

i i * ° 

For the period that the current i 2 is zero 



{■I - /V 0 * //j COJ . . . ) f ( H' Svr\ uft t SlmJUt. ,.)J 



i* ° 



As ' 2JL j N, V /Vj J ''» 

For the period that i 2 and i^ are conducting 
simultaneously 



l. =■ 



J+k‘ 



f KjJt (M 0 +H g Cos 2 u>t ...) + M.I.J 
’' 2 : ^ Sts*, uf t + So* 3ut t ,.~J 

* TTTtTJ/Vj ['*("• ifJ s *** gtJt - rt.I.J 

- f( H, s/y uj~t / //j S/At s5 4JT , yj 



“l L 
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The coefficient of the harmonics are Bessel functions 
of the first kind and the Nth order and are computed with 
the aid of the table at the end of Appendix n B M . 

To determine the characteristics of an amplifier the 
following procedure may be used: 

a. Adjust the constants of the analytical expres- 
sion H =• Usinh (uB) +■ vB to fit the magnetization curve 

of the material. 

b. Calculate B m using equation #17. 

c. Assume a value of B 0 . 
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